OBJECTIVE: Changes in tissue lipoprotein lipase have been reported in several of the metabolic disorders commonly associated with ageing, like insulin resistance, obesity and impaired hormonal balance. We have investigated the effect of normal ageing on the nutritional regulation of lipoprotein lipase (LPL) in rat tissues. MEASUREMENTS: In the ®rst experiment, LPL activity and immunoreactive mass were measured in epididymal and perirenal adipose tissue, and soleus and heart muscle tissue. In the following experiments we focused on epididymal adipose tissue. RESULTS: In young rats (aged 29 d, 87 AE 5 g), fasting for 24 h decreased LPL activity in epididymal and perirenal adipose tissue to 31% and 51% of fed control, respectively, while LPL mass increased to 146% and 261%, respectively. Consequently, LPL speci®c activity (activity/mass ratio) decreased to 20% of control. Other tissues studied did not show any large changes in LPL speci®c activity with the nutritional state. This suggests that the mechanism responsible for the down-regulation of LPL speci®c activity is speci®c for adipose tissue. The down-regulation was gradually blunted with increasing age and was non-existent in the old rats (aged 265 d, 564 AE 14 g). LPL in soleus muscle from young rats was regulated by another mechanism, and was associated with a large increase in LPL activity and mass during fasting (297% and 458% of fed control). Also, this mechanism did not exist in soleus muscle from old rats. Prolonging the fasting period of the old rats to 96 h did not induce the changes in adipose tissue or soleus muscle LPL seen in the young rats. CONCLUSION: The results indicate that the nutritional regulation of LPL in adipose tissue and soleus muscle changes during normal ageing.
Introduction
Lipoprotein lipase (LPL) is synthesised in heart, skeletal muscle, adipose tissue and several other extrahepatic tissues. 1 After secretion, the enzyme is transported to its functional site which is at the vascular endothelium bound to heparan sulphate. Fatty acids are liberated through the hydrolytic action of LPL on triacylglycerols (TG) in circulating very low density lipoproteins (VLDLs) and chylomicrons. 2 The released fatty acids are metabolised in the subjacent tissue cells or released into blood as FFA and metabolised in more distant sites. 3 Active LPL is built up from two identical polypeptide chains, noncovalently linked together to form a dimer 4 which occurs intracellularly. 5 Dissociation of the two subunits is followed by an irreversible loss of catalytic activity. 6 Like other enzymes involved in fundamental metabolic processes, LPL is extensively regulated. In particular, adipose tissue LPL activity must be coordinated with other metabolic adaptations occurring in the postprandial phase so that a correct amount of lipid from the meal is stored in the adipose tissue. 7 Transcriptional, translational as well as posttranslational regulation has been demonstrated.
8±10
During short-term fasting, LPL activity in adipose tissue is down-regulated without corresponding changes in mRNA levels, synthesis rate or mass. 10, 11 Thus, regulation during short-term fasting occurs primarily at a posttranscriptional level and causes a decrease in speci®c activity, which is restored within 4 h by refeeding. 12 Disturbances in the regulation of LPL have been implicated in pathophysiological processes like obesity 13 and insulin resistance. 14 Semb and Olivecrona 15 found that old guinea pigs showed smaller and slower changes in adipose tissue LPL compared to young guinea pigs during feeding and fasting. The present study was designed to explore the effects of normal development/ageing on the nutritional regulation of LPL in rat tissues, primarily adipose tissue. The data show that the mechanisms regulating LPL in adipose tissue and soleus muscle during fasting are blunted in old rats.
Materials and methods

Animal procedures
Male Sprague-Dawley rats were from Mo Èllegaard breeding centre (Ejby, Denmark). After transport to Umea Ê they were allowed at least 10 d of acclimatisation before being used in experiments. The rats were housed in a 12 h light (06.00±18.00 h)/12 h dark (18.00±06.00 h) cycle at a temperature of 21 C with free access to water and a standard laboratory chow (Laktamin AB, Linko Èping, Sweden). The age of the rats varied from 23±265 d. Fasted rats were deprived of food for 24 h starting from 06.00 h. In all experiments, the rats were killed between 05.00 h and 07.00 h by decapitation. For blood analysis experiments, the rats were fasted for 24 h, anaesthetised by an intramuscular injection of Hypnorm (0.5 ml/kg, 0.315 mg fentanyl citrate/ml and 10 mg¯uanisone/ ml) and Stesolid Novum (0.5 ml/kg, 5 mg diazepam/ ml) after which blood was drawn from a tail vein. All animal procedures were approved by the animal ethics committee of northern Sweden.
Materials
Leupeptin and chymostatin were from the Peptide Institute (Osaka, Japan); BSA, aprotinin and bisbenzimide were from Sigma (St. Louis, MO, USA); heparin was from Lo Èvens (Malmo È, Sweden); Hypnorm was from AB Leo (Helsinborg, Sweden); Stestolid Novum was from Dumex-Alpharma (Helsingborg, Sweden).
Extraction of tissue LPL
LPL activity and mass was assayed in periepididymal adipose tissue, perirenal adipose tissue, ventricular heart muscle and soleus muscle. Tissue pieces of 300 mg (50 ±200 mg for soleus) were removed immediately after decapitation of the rat, rinsed in saline, blotted dry, put in ice-cold buffer A (0.025 M NH 3 , 1 mg BSA/ml, 10 mg leupeptin/ml, 1 mg chymostatin/ ml, 25 IU aprotinin/ml, 5 mM EDTA, 5 IU heparin/ml, 1% Triton X-100 and 0.1% SDS, pH 8.2) and frozen at 770 C. After thawing, the samples were homogenised with a Polytron homogeniser (PT-MR 3000; Kinematica AG, Littau, Switzerland) and centrifuged for 15 min at 3000 rpm in a Heraeus Minifuge-T (Heraeus Christ, Osterode, Germany). LPL activity and immunoreactive mass was measured in the infranatant from adipose tissues and in the supernatant from muscle tissues.
Lipase assays
Conditions for the assays have been described previously. 11 For assay of LPL activity a 3 H-labelled phospholipid-stabilised TG emulsion (100 mg/ml, Pharmacia and UpJohn, Stockholm, Sweden) was used as substrate. The incubation medium contained buffer and 5% (v/v) of the emulsion, 6% (w/v) BSA, 5% (v/v) heat-inactivated serum from fasted rats as a source of apolipoprotein CII and 3 IU heparin. With the addition of 2 ml tissue homogenate sample, the ®nal incubation volume was 200 ml. The reaction was stopped and the fatty acids were extracted and counted for radioactivity in a LKB Rack b-counter. All samples were assayed in duplicate.
LPL immunoreactive mass was measured in a sandwich ELISA as described earlier. 11 Brie¯y, an af®nity puri®ed chicken IgG-antibody at a concentration of 5 mg/ml in PBS was used to coat the wells for 4 h at 37 C. Three different dilutions of each sample were then added to the wells and incubated overnight at 4 C, followed by detection with the 5D2 monoclonal antibody (kindly provided by Dr John Brunzell, Seattle, Washington) and a peroxidase labelled antimouse IgG antibody. After development, absorbency at 490 nm was measured in a Spectra Max 340 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). LPL partially puri®ed from rat postheparin plasma was used as standard.
11
Heparin-agarose chromatography Pieces of epididymal adipose tissue from fed and 24 h fasted rats aged 25 d and fed, 24 h fasted and 96 h fasted seven month old rats were put in ice-cold buffer A but without heparin. Tissue pieces from four animals were pooled, homogenised and centrifuged as described above. The infranatants were applied to columns of heparin-agarose. After washing with a buffer containing 20 mM Tris-HCL, ph 7.4, 20% glycerol, 0.1% Triton X-100 and 1 mg BSA/ml, the column was eluted with a salt gradient in the same buffer (0±1.6 M NaCl). 11 The fractions were then assayed for LPL activity and immunoreactive mass.
DNA assay
DNA was measured essentially according to Labarca and Paigen. 16 One microlitre of sample was added to a solution of 2 M LiCl, 50 mM Tris-HCL (pH 7.5) and 0.5 mg bisbenzimide/ml. Fluorescence was measured in a¯uorometer and values were compared to a standard of salmon testis DNA. All samples were assayed in duplicate.
Analysis of blood
Analysis of glucose, TG and cholesterol were performed with the Re¯otron 1 analysis system on blood drawn from a tail vein into Li-heparinised tubes (Boehringer Mannheim Scandinavia AB, Bromma, Sweden). Glucose was measured immediately in blood, and TG and cholesterol were measured in plasma. Results from the Re¯otron 1 system are comparable to results obtained by conventional laboratory methods.
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Statistical analysis
Statistics were performed by one-way ANOVA with Bonferroni post-hoc test for multiple comparisons. The SPSS program for Windows was used (SPSS Inc., Chicago, IL, USA).
Results
Effects of fasting on LPL in tissues from young and old rats
To explore the effect of ageing on the nutritional regulation of LPL, we ®rst determined LPL activity, mass and speci®c activity in epididymal and perirenal adipose tissue, and heart and soleus muscle tissues from a group of young and a group of old rats. The young rats were aged 29 d (six days post-weaning) and weighed 87 AE 5 g (fed) or 66 AE 3 g (24 h fasted). Newborn rats could not be used, because the size of the adipose tissue pads were too small for analysis. Old rats were eight months old and had reached a weight of 564 AE 14 g (fed) or 546 AE 24 g (fasted). This weight is close to the maximum weight reached by male Sprague-Dawley rats.
In epididymal and perirenal adipose tissue from young fasted rats, LPL activity per gram tissue decreased to 31% and 51% of fed control, respectively, whereas LPL mass increased to 148% and 261% of fed control (Figure 1 ). These changes were statistically signi®cant and resulted in a large decrease in LPL speci®c activity to 20% of fed controls. In old rats by contrast, the changes in epididymal and perirenal adipose tissue LPL activity and mass were small and did not reach statistical signi®cance. Consequently, there were no changes in LPL speci®c activity. In the heart, there were no signi®cant changes in LPL activity, mass or speci®c activity between fed and fasted rats neither in the young nor in the old rats. In soleus muscle (a red skeletal muscle) of young rats there were large increases in LPL activity and mass during fasting, to 297% and 458% of fed control, respectively. Because of the larger increase in LPL mass relative to activity, there was a decrease in LPL speci®c activity to 62% of fed control. In the old animals, none of the measured LPL parameters in soleus muscle changed on fasting.
The concentrations of blood glucose and plasma lipids were determined in ®ve young (66 AE 2 g) and ®ve old (518 AE 7 g) rats, fasted for 24 h. There were no statistically signi®cant differences in total cholesterol, HDL-cholesterol or TG but blood glucose was 1.8-fold higher in the old rats (9.2 AE 0.2 vs 5.2 AE 0.2 mmol/l, P`0.0001).
Effects of rat age/weight on epididymal adipose tissue LPL activity and mass in the fed state
The ®rst experiment showed that the reduction in adipose tissue LPL speci®c activity on fasting was more pronounced in young than in old rats. We decided to focus on this mechanism and to use the epididymal adipose tissue. The next experiment was designed to study in more detail the effect of age/ weight and involved seven groups of rats ( Figure 2 ). With increasing age/weight, the activity of LPL in the fed state decreased when expressed per gram tissue. The activity was 2559 AE 73 mU/g in the youngest Figure 1 Nutrition regulation of LPL in different tissues of young and old rats. Ten young rats (upper three panels) and ten old rats (lower three panels) were divided into two groups each, where ®ve rats were fed ad libitum (solid bars) and ®ve were fasted for 24 h (open bars). The rats were killed by decapitation between 05.00 h and 07.00 h. Pieces of epididymal adipose tissue (E), perirenal adipose tissue (R), ventricular heart muscle (H) and soleus muscle (S) were dissected out and frozen for subsequent analysis of LPL activity and immunoreactive mass as described in Materials and methods. Data (mean AE s.e.m., n 5) shows the effect of fasting which is expressed as a percentage of corresponding fed control (Fed 100%). Statistics: * P`0.001 vs corresponding fed control.
group (mean weight 66 AE 0.4 g) and 371 AE 77 mU/g in the oldest group (mean weight 572 AE 18 g). The levels of LPL mass in the fed state decreased from 5805 AE 196 ng/g in the youngest group to 1133 AE 248 ng/g in the oldest group.
The amount of DNA that could be extracted from one gram of epididymal adipose tissue decreased ®ve-fold from the youngest rats to the oldest. This re¯ects the increase in size of the adipocytes as they become ®lled with lipids. The total weight of the two epididymal fat pads increased from 0.3 g in the youngest rats to 10 g in the oldest. When we expressed the data from Figure 2 , relative to the amount of DNA, there were no statistically signi®cant differences in LPL activity and mass in the fed state between the youngest (0.40 AE 0.02 mU/mg DNA, 0.91 AE 0.04 ng/mg DNA) and the oldest rats (0.36 AE 0.07 mU/mg DNA, 1.06 AE 0.27 ng/mg DNA). When we expressed the data per whole epididymal fat pad, LPL activity was 384 AE 11 mU/pad in the youngest rats and 3710 AE 772 mU/pad in the oldest.
LPL speci®c activity in the fed state decreased slightly, from 0.44 AE 0.03 in the youngest to 0.32 AE 0.05 in the oldest rats but this change was not statistically signi®cant (P 0.069, Figure 3) .
Effects of rat weight/age on the response of adipose tissue LPL to fasting As in the ®rst experiment (Figure 1 ), LPL activity in the youngest rats in experiment two (mean weight 66 AE 0.4 g) was greatly down-regulated during fasting from 2559 AE 73 mU/g to 718 AE 43 mU/g adipose tissue (Figure 2 ). The magnitude of the reduction in LPL activity after fasting decreased with age/weight. In the youngest rats the activity dropped to 28% of fed control, whereas in the old rats it only dropped to 71%. When we expressed the data per whole fat pad, LPL activity in the youngest rats decreased from 384 AE 11 to 72 AE 4 mU/pad. In the old rats it decreased from 3710 AE 772 to 2653 AE 509 mU/pad. Hence, in the fed state there was about 10 times more LPL activity in the fat pad of the old rats. In the fasted state, this difference increased to more than 35-fold. The changes in LPL mass on fasting were much smaller than the changes in activity and were only statistically signi®cant in the 116 g and 165 g groups. There was even a tendency towards an increase in the youngest (66 g) group.
The speci®c activity of LPL (activity/mass ratio) from experiment two is shown in Figure 3 . In the youngest rats the speci®c activity decreased by a factor of four from 0.44 AE 0.02 mU/ng in the fed state to 0.11 AE 0.01 mU/ng in the fasted state. The decrease with fasting became less and less with age, and in the oldest rats there was no change at all. These data suggest that the mechanism that modulates adipose tissue LPL speci®c activity during feeding/ fasting in the younger rats becomes blunted with increasing weight/age.
Fasting for 24 h for a small, lean rat is a different thing with regard to total body energy stores when compared to an old, fat rat. We therefore, in experiment three, studied if this mechanism switched on later during fasting in old rats. For this, old rats were fasted for 24, 48 and 96 h (Figure 4) . After 96 h of Regulation of lipoprotein lipase M Bergo È et al fasting, the total body weight had decreased to 79% of fed control (P`0.05). This decrease is comparable to the decrease that occurred during 24 h fasting in the youngest rats in experiment one and two (to 77% and 78% of fed controls, respectively). LPL activity increased slightly during the ®rst 24 h of fasting (not signi®cant) and then decreased, so that after 96 h it was 71% of fed control (P 0.041). Changes in LPL mass followed the changes in LPL activity up to 48 h. After 96 h of fasting it was 48% of fed control (P 0.043). Consequently, LPL speci®c activity was unchanged up to 48 h of fasting (0.25 AE 0.03, 0.26 AE 0.01, 0.25 AE 0.02 mU/ng at 0, 24 and 48 h of fasting, respectively) and then increased slightly (0.37 AE 0.06, not signi®cant). These data show that the mechanism, which down-regulates adipose tissue LPL speci®c activity during fasting in young rats, is not switched on by fasting for 96 h in old rats.
Relationship between inactive and active LPL protein in epididymal adipose tissue from young and old rats.
Effects of feeding and fasting
Earlier studies have shown that fasting for 24 h causes a shift in the ratio between active and inactive forms of LPL. These forms can be separated by chromatography on heparin-Sepharose columns ( Figure 5 ). A peak of inactive LPL protein elutes at 0.5 M NaCl followed by a second peak at 1.0 M NaCl. The second peak is associated with LPL activity. When we separated tissue extracts from fed young rats the second peak with active LPL dominated, but when tissue extracts from fasted rats were separated, peak Figure 4 Effect of long-term fasting on LPL activity and mass in adipose tissue from old rats. Old rats weighing 500 AE 16 g were fasted for 0, 24, 48 and 96 h. At each time point, ®ve rats were killed and epididymal adipose tissue was taken for measurements of LPL activity (±m±) and immunoreactive mass (±u±). Data are mean AE s.e.m. (n 5) Statistics: * P`0.05 vs fed control. Figure 5 (a and b) Relation between active and inactive LPL in adipose tissue from fed and fasted, young and old rats. Epididymal adipose tissue pieces from four rats in each group (A: fed young, 24 h fasted young, B: fed old, 24 h fasted old and 96 h fasted old) were pooled, homogenised and centrifuged as described in Materials and methods. The infranatant was applied to a column of heparinagarose and eluted with a salt gradient, after which the fractions were analysed for LPL activity (±m±) and immunoreactive mass (±u±). Data for activity are mean of duplicates and data for mass are mean of three dilutions of each fraction.
one dominated. 11 The relationship between inactive and active LPL protein can be expressed as a peak ratio (inactive peak/active peak). In the young rats, fasting for 24 h caused an increase in the peak ratio from 0.37 to 2.89 (Figure 5a ). In the old rats however, fasting for 24 h caused a decrease in the peak ratio from 0.78 to 0.34 (Figure 5b) . After fasting for 96 h (old rats) the peak ratio was 0.35.
Discussion
This study supports our previous conclusion that there is a mechanism to shift adipose tissue LPL towards an inactive form during fasting, and demonstrates that this mechanism becomes blunted with age and virtually disappears in old rats. That this may be also true in humans, is indicated in a study by Ong and Kern 13 who found that the speci®c activity of LPL was higher in adipose tissue from obese compared to lean subjects and did not respond to feeding. We do not know whether the loss of ability to down-regulate adipose LPL is a direct effect of ageing or if it is related to an insulin resistance syndrome. Insulin resistance has been shown to affect adipose LPL in several studies.
14,17±20 Rats living in animal houses with free access to food, tend to become obese during ageing. The present group of old rats were normo-lipidaemic but had elevated fasting blood glucose concentrations, indicating a metabolic derangement. Of interest, Ottoson et al 21 found that the addition of growth hormone during culture of human adipose tissue, caused a reduction of LPL activity, without corresponding changes in LPL mRNA, indicating that growth hormone may be involved in triggering the down-regulation of LPL speci®c activity.
Why is a mechanism, to rapidly down-regulate LPL, needed in adipose tissue and what metabolic consequences will come from blunting it? One clue to this comes from data from Frayn et al. 7 By measuring arterio-venous differences over adipose tissue, they show that three phases can be distinguished in the response of adipose tissue to a meal after fasting. Almost immediately after the meal, the net release of FFA and glycerol, drops. This is an effect of insulin on intracellular lipolysis of adipocyte TG by hormone-sensitive lipase. In this phase there is very little net utilisation of plasma TG by the tissue, presumably because functional LPL activity is low. Then follows a phase of increasing utilisation of plasma TG by the tissue, but most of the TG fatty acids are released into blood as FFA for use in other tissues. This would correspond to the return of LPL towards the`fed' level. Finally, after large meals, there is a phase with net deposition of TG in the adipose tissue. Hence, it may be important for overall energy metabolism, that fatty acids are diverted to other tissues during fasting, after smaller meals and during the ®rst few hours after larger meals. If this reasoning is correct the failure to down-regulate adipose tissue LPL during fasting, could contribute to the elevated FFA levels seen after meals in individuals with insulin resistance.
When expressed per gram adipose tissue, LPL activity in the fed state decreased almost linearly with increasing age. This presumably re¯ects that the adipocytes become progressively larger as they are ®lled with lipid. Hyperplasia of the tissue, for example, the proliferation of preadipocytes, as well as hypertrophy of the existing adipocytes, contributes to the increase in fat pad weight. On the other hand, LPL activity in the fed state expressed relative to the amount of DNA in the tissue was similar at all ages. This is in concert with data from Tavangar et al 22 in a thorough study on the developing rat. They found no consistent changes in LPL activity, mass or mRNA between 3 weeks and 2 years of age. This could imply, in general terms, that each adipocyte expresses a fairly constant amount of active LPL in the fed state throughout its development, whereas the regulation on fasting changes. The total capacity of the epididymal fat pad to hydrolyse TG can be calculated since it is a fairly well de®ned organ. The weight of one pad increased from 0.3 g to more than 10 g from the youngest to the oldest rats, which resulted in a 10-fold increase in total lipolytic capacity from 384 mU/ pad to 3710 mU/pad. Fasting for 24 h decreased these values to 72 AE 4 and 2653 AE 509 mU/pad, respectively. Hence, the effect of ageing on the response to fasting was even more spectacular when LPL activity was expressed per fat pad. In conclusion, LPL activity (which-ever-way expressed) decreased on fasting, but this effect was more pronounced in the younger rats. Since mass changes were relatively small, it was mainly the reduction in LPL activity that reduced the speci®c activity in the younger rats. Conversely, it was the ability to down-regulate LPL speci®c activity that was blunted in the old rats.
In red skeletal muscle there seems to be other mechanisms regulating LPL. After fasting we found large increases in LPL activity and mass in soleus muscle from young rats and preliminary data indicate that this is accompanied by increases in LPL RNA levels. Hence, transcription and/or mRNA stability is probably the main target for nutritional regulation of LPL in soleus muscle in young rats. Similar to ®ndings by LaDu et al 23 (using 300±450 g Wistar rats) and Ong et al 24 (using 180±220 g SpragueDawley rats) we did not ®nd any changes in LPL activity in soleus from old rats (approx. 550 g) during fasting. This reduced LPL activity in soleus muscle in old rats could be related to insulin resistance, Pollare et al 25 in a clinical study showed that in fasting skeletal muscle, LPL activity was positively correlated to insulin sensitivity. In white skeletal muscle like gastrocnemius and vastus medialis by contrast, we (Bergo È et al, unpublished) and others 26 have found that the levels of LPL activity and mass are low (5± 10% of soleus) and regulation during feeding/fasting is virtually undetectable. We did not ®nd any changes in LPL during fasting in hearts from either young or old rats. Several studies using heart perfusion have shown that it is the heparin releasable LPL (for example, functional LPL at the endothelium) that is the target for regulation by feeding/fasting, while the residual LPL is little or not affected. 27±29 Since we have measured LPL in whole tissue homogenates, we did not record any changes in heart LPL with fasting.
In summary, there is a mechanism in adipose tissue which down-regulates LPL speci®c activity during fasting via a shift in the distribution of lipase protein towards an inactive, monomeric form. This mechanism was active in young rats but it was gradually blunted with advancing age. LPL in soleus muscle was regulated by another mechanism that was also blunted in the old rats. Whether the change in LPL regulation observed here is a direct effect of ageing, an effect of age-related metabolic alterations like insulin resistance or impaired hormonal balance, remains to be elucidated.
